Positive-ion atmospheric pressure chemical ionization (APCI) Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) analyses of petroleum sample were performed with higher sensitivity by switching the solvent composition from toluene and methanol or acetonitrile to a one-component system consisting only of toluene. In solvent blends, molecular ions were more abundant than were protonated ions with increasing percentages of toluene. In 100% toluene, the double-bond equivalence (DBE) distributions of molecular ions obtained by APCI MS for each compound class were very similar to those obtained in dopant assisted atmospheric pressure photo ionization (APPI) MS analyses. Therefore, it was concluded that charge-transfer reaction, which is important in toluene-doped APPI processes, also plays a major role in positive-ion APCI. In the DBE distributions of S 1 , S 2 , and SO heteroatom classes, a larger enhancement in the relative abundance of molecular ions at fairly specific DBE values was observed as the solvent was progressively switched to toluene. This enhanced abundance of molecular ions was likely dependent on molecular structure. (J Am Soc Mass Spectrom 2010, 21, 386 -392)
D
ue to the complexity of petroleum samples, determining their chemical composition represents a great challenge. Thus far, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is the only tool that can resolve the complex petroleum matrix. FT-ICR MS routinely achieves a mass resolving power (m/⌬m 50% ) Ͼ 400,000 (⌬m 50% represents the magnitude-mode, FT-ICR mass spectral peak full width at half-maximum peak height), and a m/⌬m 50% ϭ 3300,000 has been reported for a ϳ1 kDa peptide [1] . Additionally, for a well-resolved peak, FT-ICR MS can provide a mass accuracy (Ͻ400 ppb rms error) such that elemental composition may be uniquely assigned [2] . The molecular composition may then be sorted by various tools, including Kendrick mass defect versus Kendrick mass [3] or van Krevelen analyses, e.g., H/C ratio versus the O/C or N/C or S/C ratios [4] . The double-bond equivalents and carbon number distribution obtained from the elemental compositions can be plotted as iso-abundance contoured plots to sort molecular compositions for particular heteroatom classes. The successful application of FT-ICR MS to study chemical compositions of petroleum at the molecular level, i.e., petroleomics, is therefore not surprising [5] [6] [7] .
Even with the great resolving power and mass accuracy of FT-ICR MS, chemical components can only be studied if they are ionized, which makes the ionization technique one of the key parameters in any mass spectrometry analysis. This importance is emphasized in petroleomics because petroleum is composed of a wide variety of chemical components ranging from hydrocarbons to polar compounds. Unfortunately, single-ionization techniques are usually fairly specific in the types of molecules they can ionize, and no single technique can be applied to the entire chemical composition of petroleum. Therefore, to generate an accurate picture of petroleum composition, combination of right ionization techniques must be utilized. From the beginning of petroleomics, electrospray ionization (ESI) has been used primarily to study the polar components of petroleum [5, 8, 9] , whereas the nonpolar hydrocarbon constituents have been studied with field desorption (FD) techniques [10] . Recently, atmospheric pressure photo ionization (APPI) [11] and atmospheric pressure laser ionization (APLI) [12] [13] [14] have gained popularity in the petroleomic analyses because they ionize a wide range of molecules, such as aromatic hydrocarbons and sulfur-containing compounds. Atmospheric pressure chemical ionization (APCI) is another technique that has been used for petroleomic analyses [15, 16] . However, the application of APCI in petroleomics has been limited so far, presumably due to its sensitivity compared with ESI [16] .
In the current study, the sensitivity of positive-ion APCI FT-ICR MS was enhanced by changing the solvent composition. This result corroborates results of a previous study [17] in which higher sensitivity was achieved in APCI MS analyses of standard polyaromatic hydrocarbons (PAHs) in a toluene solvent.
Experimental
HPLC grade methanol, toluene, and acetonitrile were purchased from Merck (Gibbstown, NJ, USA) and used without further purification. A bitumen oil sample was dissolved to 2 mg/mL toluene as a stock solution. Before analysis, samples were prepared by diluting the stock solution to 1 mg/mL with solvent compositions of toluene:methanol (50:50 vol/vol), toluene:methanol (75:25 vol/vol), toluene:acetonitrile (50:50 vol/vol), or toluene (100%). Prepared samples were directly injected with a syringe pump (Harvard, Holliston, MA, USA) at a flow rate of 10 L/min. Flow rate of the analyses was kept at the minimum value to prevent source contamination. Analyses were performed with a 15 T FT-ICR mass spectrometer at the Korean Basic Science Institute (KBSI, Ochang-eup, Korea). The Apex hybrid Qq-FT instrument is equipped with Bruker Apollo II dual source. APCI and APPI sources were obtained from Bruker Daltonics (Billerica, MA, USA). Nitrogen was used as the drying and nebulizing gas in both ionization sources. The operating parameters for APCI analyses were corona needle current 2500 nA, nebulizing temperature 190°C with 3.0 L/min flow rate, and drying gas temperature 200°C with 2.0 L/min flow rate, and the skimmer voltage was set to 13.0 V to minimize in-source fragmentation. The operating parameters for APPI analyses were the same as those used for APCI. Ionized samples were accumulated in the collision cell for 1 s and transferred to the ICR cell with a 2 ms time-of-flight window. Argon gas was used in the collision cell. Both sidekick and gated trapping approaches were utilized. A sidekick voltage of 20 V was used to initially trap the ions. After transferring the ions to the ICR trap, the trap voltage was raised to 3 V and ramped down to 1.5 V for detection. A total of 2 ϫ 10 6 data points were obtained within about 1 s. For each spectrum, 100 scans were accumulated to increase the signal-to-noise ratio. The resulting time-domain signal was zero-filled and apodized with a sine bell function before FFT. The obtained spectrum was processed with ChemBrowser software version 1.0 (BNF Technology, Daejeon, Korea).
Results and Discussion

Comparisons of Signal Abundance and Molecular Class Distribution
The noise levels of all APCI FT-ICR MS spectra were nearly identical. Therefore, the observed ion abundance was equivalent to the signal-to-noise (S/N) ratio. Overall, S/N increased as 100% toluene (Figure 1a ) Ͼ toluene/methanol 75:25 (refer to Supplementary data, which can be found in the electronic version of this article) Ͼ toluene/methanol 50:50 ( Figure 1b ) and toluene/ACN 50:50 (refer to Supplementary data). This result is consistent with a previous report by Herrera et al. [17] , in which standard analyses of PAHs exhibited higher relative ionization efficiency and sensitivity when toluene was used as the solvent rather than ACN or MeOH. In addition, the use of ACN as the solvent resulted in an order of magnitude better sensitivity than did use of MeOH. However, in the current study, the spectra obtained with toluene/methanol 50:50 ( Figure  1b ) and toluene/ACN 50:50 (refer to Supplementary data) were almost identical.
Molecular formulae of the general form C c H h N n O o S s were assigned to spectral peaks with no limit set on the amounts of c and h. and the following limits were imposed on the remaining elements:
ϩ and molecular positive ions (or radicals), M ϩ· , were taken into consideration because typical APCI processes simultaneously yield both species. Table 1 shows that the class distribution of spectra obtained from samples prepared with 100 and 75% toluene have a higher percentage of hydrocarbon (HC) compared with samples prepared in 50% toluene. The relative HC abundance decreased from 19.2% to 11.9% as the percent of toluene decreased from 100% to 50%.
APCI and APPI Data and the Importance of Charge-Transfer Reaction
Double-bond equivalences (DBE ϭ number of rings plus double bonds to carbon) of protonated and molecular HC ions were calculated from chemical formulae by the following equation:
(for the neutral molecule,
The resulting DBE distributions were plotted and are shown in Figure 2 . The relative abundance of molecular ions was similar to that of protonated ions using the 50% toluene/MeOH solvent blend, as indicated in Figure 2a . The same result was observed with the 50% toluene/ACN blend (not shown). However, in the APCI analyses of petroleum, the relative abundance of molecular ions was greatly enhanced over that of protonated ions with increasing proportions of toluene (Figure 2c and d) . The relatively greater abundance of molecular ions is one of the primary reasons for the enhanced sensitivity observed in Figure 1 .
The increased abundance of molecular ions observed with increasing toluene content suggests that in the APCI process, the toluene can play a key role in the formation of the molecular ion. One likely mechanism for molecular ion formation is a charge-transfer reaction between the toluene radical and neutral compounds (refer to Reaction 1). The solvent radical ions can be generated by reactions with either N 2 ϩ· or N 4 ϩ· [18, 19] in the APCI source. In fact, benzene, which has an aromatic structure similar to that of toluene, has been used as a charge-transfer agent in chemical ionization [20, 21] .
(M: solvent such as toluene or methanol, A: analyte).
Herrera and coworkers [17] also observed increased sensitivity using toluene and suggested that the chargetransfer reaction by the toluene radical cation could be important. To demonstrate experimentally the importance of this charge-transfer reaction in APCI analyses, the same sample was analyzed by dopant assisted atmospheric pressure photo ionization (APPI). The dopant assisted APPI has been used to increase ionization efficiency overall for compounds [22] . The process generates molecular radical ions either by means of a charge-transfer reaction or by proton transfer [23] . Toluene is widely used as a dopant in APPI analyses, and the toluene radicals generated by the following reaction play a major role during the ionization process [23, 24] .
A positive-ion APPI mass spectrum of the same petroleum sample dissolved in 50% toluene/methanol was compared with the corresponding APCI mass spectrum. The APPI DBE distribution of HCs is displayed in Figure 2d . The molecular radical ions produced by the APPI process were more dominant than were those produced by APCI, and the DBE distribution was similar to that obtained for samples dissolved in 100% toluene, as shown in Figure 2c and d. The APCI mass spectra became more similar to those obtained by APPI as the content of toluene in the solvent was increased. Figure 3 shows a similar effect with S 1 compounds. The comparison between APCI and APPI data can be extended to other ion classes (S 2 and SO) with similar trends (Figures 4 and 5 ). This comparison shows that molecular ions are generated by the similar ion/ molecular reactions for both ionization processes regardless difference in the initial ion formation processes. Therefore, the charge-transfer reaction by the toluene radical plays a major role in the formation of molecular ions when neat toluene is used as the solvent in positive-mode APCI analyses. Significant amount of protonated compounds were also observed for the basic compounds (e.g., N 1 class compounds, data not shown). To investigate the role of toluene in the proton transfer reaction, acridine (C 13 H 9 N) was dissolved into deuterated toluene (C 7 D 8 ) solvent and analyzed by positive mode APCI. Acridine was chosen since it was the polyaromatic basic compound. It was observed that majority of ions were found to be Table 2 ). This data suggested that toluene plays a minor role as a source of proton in the ionization process, and it raises a question on where the protons came from. The proton might have originated from hydrogen exchange reaction between analytes. However, Herrera et al. did thermodynamic calculation and concluded that it was less likely that the hydrogen exchange reactions occurred [17] . Further study is being conducted to find the source of proton in the process.
Overall, the results obtained in this study corroborate results of a previous study [25] in which both charge exchange and proton transfer were found to be important for APCI of hydrocarbon molecules. In addition, it must be emphasized that a similar conclusion was drawn by two independent studies, the current and previous study [25] , where different instruments and source geometries were used. This shows that the proposed importance of charge-transfer reaction in APCI is not instrument-or source geometry-dependent. Figure 3 shows that the abundance of molecular ions was greatly enhanced over protonated ions at fairly specific DBE values as the solvent was switched to toluene. A comparison of Figure 3a and c reveals that the abundance of molecular ions with DBE Յ 5 increased only slightly, whereas the abundance of molecular ions with DBE Ն 6 was significantly greater than that of protonated ions. Figure 3c shows an overall maximum molecular ion abundance at DBE ϭ 6 and a local maximum at DBE ϭ 9. Note that a DBE difference of three, e.g., the difference between DBE 6 and 9 in Figure 6 , can be indicative of an aromatic ring. Compounds with benzothiophene ( Figure 6a ) and dibenzothiophene (Figure 6b ) structures have been previously reported in petroleum fractions [26, 27] . Rudzinski and Rai [28] studied sulfur heterocycles by MS/MS and confirmed the existence of benzothiophene and dibenzothiophene in crude oil. Benzothiophene and dibenzothiophene groups have DBE values of 6 and 9, respectively, which match the observed maxima in the DBE distribution of Figure 3 . In addition, both compounds contain thienyl groups and aromatic rings. Creary and coworkers [29] found that thienyl groups had a larger radical-stabilizing effect than did phenyl groups. Therefore, the pattern observed for the enhancement of molecular ions presented in Figure 3 agrees well with the existence of molecules containing benzothiophene and dibenzothiophene groups.
Enhancement of Molecular Ions Containing Sulfur Atoms
The DBE distributions of S 2 compounds were also calculated and are presented in Figure 4 . Here, the abundance of molecular ions as the solvent was switched to 100% toluene was especially high at DBE values of 8 and 11. Again, the DBE difference of three is indicative of two structures differing by a single aromatic ring. Based on the same reasoning described above for the S 1 compounds, these data suggest that the S 2 compounds contain a benzothiopene structure with 3 or 4 rings, as shown in Figure 6c and d, respectively.
The DBE distribution of SO, shown in Figure 5 , was unique relative to that of the other compound classes. Protonated ions were abundant, but molecular ions were not observed at DBE values lower than 5, and molecular ions existed with low abundance using the toluene/methanol 50:50 solvent composition ( Figure  5a) . However, the abundance of molecular ions with DBE values greater than 8, especially DBE values of 11 and 14, surpassed that of protonated ions as the solvent composition was changed to neat toluene. Saturated cyclic sulfoxide compounds, such as that shown in Figure 6e , have been previously reported in petroleum fractions [30] . In general, saturated cyclic compounds have higher ionization energies than toluene does [12] , and it is reasonable to expect that a saturated sulfoxide would not efficiently yield molecular ions via a chargetransfer reaction. In a separate study, Snyder [31] combined petroleum fractionation and high-resolution mass spectrometry and concluded that aromatic compounds with furanyl and thiophenyl functional groups are most likely present in petroleum. Structures with both furanyl and thiophenyl groups are proposed in Figure 6f and g. The proposed structures have DBE values of 11 and 14, which agree well with the observation in Figure  5 . In addition, Creary and coworkers [29] reported that furan is a good radical-stabilizing group. Therefore, it is concluded that the SO compounds with DBE values lower than 5 are likely to contain saturated sulfoxide groups, whereas compounds with DBE values higher than 8 most likely contain furanyl and thiophenyl groups. 
